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IXAStTMCT  (MsAiiimmaMA* 

This  report  describes  the  ongoing  thermomechanlcal  studies  of  tungsten 
heavy  alloys  at  the  Materials  Directorate  of  the  Army  Research  Laboratory. 
Building  upon  previous  work,  the  data  obtained  has  been  correlated  to 
mlcrostructural  features  before  and  after  testing  and  evaluated  using 
well  known  constitutive  relations.  In  past  efforts  a  91%  tungsten  heavy 
alloy  was  examined.  This  work  examines  the  effect  of  strain  rate  and 
temperature  on  a  91%  and  a  97%  heavy  alloy  and  a  commercially  pure  (100%) 
tungsten.  The  apparent  occurrence  of  dynamic  recrystalllzatlon  Is  also 
discussed. 
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Figures 


1 .  Pretest  microstructural  features;  (A)  91%  tungsten  heavy  alloy,  (B)  97% 
tungsten  heavy  alloy  and  (C)  commercially  pure  tungsten.  Note  the  rounded 
grains  of  the  heavy  alloys  and  the  nickel  rich  matrides  that  tx)nd  the  grains. 

The  pure  tungsten  is  heavily  dra^ . . .  7 

2.  Compressive  true  stress-true  strain  results  for  the  91%  tungsten  heavy  alloy 

at  three  stress  rates;  (A)  2.5  x  10-2  sec^,  (B)  2.5  x  10-1  sec-i,  and 
(0)2.5x100  sec-1 . .  8 

3.  Compressive  true  stress-true  strain  results  for  (A)  97%  heavy  alloys  and 

(B)  commerically  pure  tungsten.  Both  tests  at  a  strain  rate  of  2.5  x  10*2  sec-i . 
Compare  to  Figure  2A .  9 


4.  Flow  stress  at  10%  strain  versus  the  test  temperature  at  all  of  the  strain 

rates  used;  (A)  91%  heavy  alloy,  (B)  97%  heavy  alloy,  and  (C)  100%  tungsten  ..10 


5.  Arrhenius  plots  of  the  10%  strain  flow  stress  versus  the  reciprocal 
temperature  for  each  of  the  strain  rates  used;  (A)  91%  heavy  aRoy, 

(B)  97%  heavy  afloy,  and  (C)  100%  tungsten .  1 1 

6.  Post  test  microstructural  features  of  the  97%  tungsten  heavy  alloy. 

Strain  rate  2.5  x  10-2  seci.  Test  temperatures;  (A)  600,  (B)  800,  (C)  1000, 

and  (D)  120(7>C .  13 


7.  Post  test  microstructural  features  of  the  91  %  tungsten  heavy  alloy  tested 

at  a  strain  rate  of  2.5  x  10-1  sec-i  and  a  temperature  of  1006c . 

8.  Post  test  microstructure  of  a  100%  tungsten  specimen  tested 

at  2.5  X 10-2  sec-1  at  a  temperature  of  1200^ . 
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INTRODUCTION  AND  BACKCHIOUND 


A.  Deformation 

Dynamic  thennomechaiucal  testing  (TMT)  of  tungsten  heavy  alloys  (WHA)  and 
commercially  pure  tungsten  is  the  focus  of  this  work.  The  dynamic  properties  were  obtained 
using  the  CHe^le  1500  over  a  wide  range  of  temperatures  and  strain  rates.  Evaluation  of  this  data 
depends  upon  the  choice  of  constitutive  equation(s)  and  the  material  modd  of  the  physical 
processes  occurring.  The  approach  used  in  the  previous  work  was  to  mathematically  fit  the  data 
to  a  classical  strain  rate  and  temperature  dependent  flow  stress  equation.  This  was  used  to 
describe  the  material's  flow  behavior  in  terms  of  either  strain,  strain  rate  or  tonperature.  An  in- 
depth  discussion  of  this  background  can  be  found  in  references  [1,2].  A  power  law  expression  of 
the  form; 


•  o  =  A(de/dtr  (1) 

describes  the  dependence  between  strain  rate  and  stress,  at  constant  temperature  and  strain.  The 
constant  A  is  the  stress  at  a  strain  rate  of  one  and  m  is  the  strain  rate  sensitivity  and  is  determined 
by  the  slope  of  a  log-log  plot  of  this  equation.  An  additional  representation  of  the  flow  stress  can 
be  made  by  using  the  Aniienius  equation; 

o  =  C  exp(Q/RT)  (2) 

Where  Q  is  the  activation  eneigy  of  the  thermaUy  activated  process,  R  is  the  universal  gas 
constant,  T  is  the  absolute  temperature  ("K)  and  C  is  a  material  dependent  constant.  The  slope  at 
ai^  point  of  a  plot  of  In  o  versus  1/T  is  the  value  of  Q/R  This  is  most  informative  when  this  plot 
renihs  in  a  straight  line  and  the  activation  energy  can  be  described  over  a  wide  range  of 
temperatures. 

This  study  examined  tungsten  heavy  alloys  that  are  essentially  compodte  materials 
produced  by  powder  metallurgy  techniques.  The  microstructure  of  a  typical  heavy  alloy  is  ^own 
in  Figure  1(a).  Note  that  the  rounded  grains  are  the  tungsten  phase.  The  material  surrounding  is  a 
muhi  component  matrix  phase  most  often  consisting  of  nickel  with  iron,  cobalt  and  copper  as 
comnmn  additives.  The  models  discussed  above  do  not  include  the  microscopic  details  of  the 
interactions  of  the  tungsten  heavy  alloy  phases.  Nonetheless  the  description  provided  by  these 
relationships  suggested  that  some  specific  types  of  microscopic  deformation  occurred. 

B.  Recrystallization 

Recfystallizadon  (static  or  dynamic)  is  the  process  by  which  strain-fi^ee  grains  grow  fi’om 
mechanically  worked  grains.  The  following  observations  have  been  made  summarizing  the  ^ect 
of  time,  tonperature  and  deformation  on  recrystallization  kinetics  and  can  be  applied  to  either 
static  or  dyiuunic  recrystallization  [3-S]. 
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•  A  miniiiiuin  defonnadon  (total  strain)  is  required  to  cause  reaystallization 

•  An  invose  rdadtMiship  exists  between  total  strain  and  reaystallization  temperature,  ie. 

the  smaller  the  d^ree  of  deformatioo,  the  higha  the  tempenUure  of  reaystallization. 

•  Increased  annealing  times  result  in  lower  reaystallization  temperatures. 

•  L4uger  original  pain  sizes  require  greata  totd  strains  to  obscave  equivalent 
reaystallization  tenq)eratures  and  times. 

•  The  h^or  the  mdtmg  point  of  the  material,  the  higher  the  reaystallization  temperature. 

Dynamic  reaystallization  is  a  process  that  can  occur  within  a  metal  or  alloy  while 
deformation  is  in  progress.  That  is,  v^en  the  deformation  temperature  is  sufficiently  high,  new 
strain  free  grains  are  being  formed  as  the  deformation  progresses.  Previous  studies  of  dynamic 
reaystallization  have  generally  used  the  total  strain  and  stress  at  the  onset  of  recrystalli^on  as 
the  sole  parameta  of  the  process  [6].  Additional  work  suggests  that,  when  dynamic 
reaystaUizadon  occurs,  the  strain  at  the  peak  stress  is  rdated  to  the  cridcal  strain  for  the  onset  of 
recrystallizadon.  Also,  the  rate  of  deoease  in  flow  stress  afta  the  peak  is  related  to  the  rate  of 
reoystallizadon  [7].  It  is  also  known  that  the  tempoature  dependance  of  the  cridcal  strain 
influences  the  reoystallizadon  bduwior  during  hot  working.  It  is  also  seen  that  the  rate  of 
recrystallizadon  inaeases  with  increasing  temperature  vsdule  the  time  required  Ms  concomhandy. 
Whetha  reoystallizadon  occurs  during  a  metalworking  process  depends  on  the  severity  of  the 
operadon  and  the  recrystallizadon  temperature  as  described  above.  In  tungsten  heavy  tJIoys,  for 
example,  the  stadc  recrystallizadon  tonperature  of  the  tungsten  phase  has  bear  observed  to  be  as 
low  as  800*C  (5]. 

As  previously  described,  the  tungsten  heavy  alloys  are  two  cornponem  composites 
consisting  of  tungsten  grains  surrounded  by  a  matrix  ph^.  The  tungsten  grains  are  essentially 
pure  tungsten.  While  the  matrix  phase  is  an  alloy  of  nickd  with  iron,  cobalt  and/or  coppa  with  all 
the  tungsten  that  can  be  taken  into  soludon.  When  separately  examined  the  properties  of  each 
phase  are  unique.  The  tungsten  is  body  centered  cubic  while  the  matrix  is  centaed  cubic. 
Tungsten  alone  can  be  quite  britde  whUe  the  matrix  alloy  is  very  ductile.  These  two  components 
result  in  a  composite  thirt  has  high  denrity  and  mechanic^  properties  that  are  structurally  useful. 

It  could  also  be  expeaed  that  the  two  phases  would  respond  to  mechanical  working  and  thermal 
treatments  in  different  ways.  For  exanqile,  a^g  of  the  heavy  alloy  depends  on  the  solubility  of 
the  matrix  in  the  tungsten  grains  [8<10].  It  is  also  known  that  the  matrix  and  tungsten  phases  will 
have  diffaent  recrystallizadon  temperatures  [1 1].  Unda  certain  circumstances  of  cold  work  and 
annealing  the  noatrix  phase  may  be  fiilly  recrystallized  while  the  tungsten  phase  will  remain  in  the 
cold  worked  condition.  Which  is  a  strong  reminda  that  the  definition  of  cold  working  is  work 
that  occurs  below  the  reaystallization  temperature. 

EXPERIMENTAL  PROCEDURE 

Ri^  circular  cylinders  of  the  tungsten-based  nuterials  wae  Mricated  with  length  to 
diameta  ratios  of  1 .5.  For  convenience,  the  specimens  were  sliced  from  stock  that  was  already 
ground  to  a  previously  selected  diameta  for  anotha  application.  As  a  result,  the  diameters  of 
each  slightly  varied.  The  ends  of  the  specimens  were  ground  flat  and  parallel  within  ±  0.013  mm. 
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The  diameters,  along  with  the  nominal  chemical  con^sition  of  the  alloys  are  shown  in  Table  1 . 
Also  shown  are  the  quasistadc  mechanical  properties  of  these  alloys,  as  previously  determined  and 
reported  in  reference  [12].  The  microstructures  of  the  alloys  tested  are  shown  in  Figure  1  (a,b, 
and  c).  The  two  heavy  aUoys  clearly  ^w  the  two-phase  nature  of  those  materials  v^e  the  pure 
tungsten  has  a  hi^ily  elongitted  microstructure  that  results  from  the  extrusion  processing  to  i^ch 
that  material  is  typically  subjected. 


TABLE  1 

Composition,  Mechanical  Properties  and  Size  of  Specimens  Tested 


Alloy 

Dia. 

mm 

L/D 

Nominal  Composition  wt% 

0.2% 

Y.S. 

MPa 

UTS 

MPa 

elong 

Ni 

Fe 

Co 

Cu 

91W 

6.10 

1.5 

4.5 

2.0 

2.5 

mmm 

1275 

1285 

9.4% 

97W 

6.22 

1.5 

1.6 

0.7 

0.1 

■9 

1029 

3.1  % 

lOOW 

6.35 

1.5 

— 

— 

— 

— 

— 

__ 

— 

A  frill  schematic  description  of  the  Gieeble  test  setup  and  associated  data  acquisition 
apparatus  is  shown  in  refrsrences  [1,2].  All  testing  was  done  in  compression  in  the  temperature 
range  600”  to  1200”C.  The  heating  of  the  specimois  was  accomplished  by  electrical  self- 
resstance  and  controUed  by  a  type  K  feedback  thermocouide  percussion  welded  to  the  specimen. 
The  strain  rates  iqipUed  were  b^een  2.S  x  10*^  and  2.5  x  10°  per  second  and  the  total  true 
compresave  strain  was  nominally  20%.  As  done  in  the  previous  work  [1,2],  a  1200”C  aimeal,  for 
frve  minutes,  was  applied  to  the  test  qiecimens  in  situ  in  the  CHeeble  apparatus.  This  was  required 
ance  the  materials  were  supplied  in  the  worked  and  aged  condition  and  the  strengths  exceeded 
the  capadty  of  the  hydraulic  ram  and  the  associated  load  cell.  Because  of  the  anneal,  the  hardness 
of  the  specimens  was  observed  to  decrease  firom  HRC  37  to  less  than  HRC  20.  All  testing, 
including  the  anneal  were  done  in  a  vacuum  of  less  than  4  x  10**  torr.  Heating  and  fr^ee  cooling 
rates  were  found  consistent  fr’om  specimen  to  ^}ecimen. 

RESULTS  AND  DISCUSSION 

I^gure  2  (a,  b  and  c)  shows  the  true  stress-true  strain  results  of  the  91%  heavy  alloy  at 
temperatures,  600”,  800”,  1000”  and  1200”C  at  average  strain  rates  of  2.5  x  10'^  2.5  x  10’*  and 
2.5  X  10°  sec'*.  The  thermomedianical  re^nse  of  this  material  was  as  expected,  as  it  behaved  in 
the  clasacal  manner,  ie.  themud  softening.  At  all  strain  rates  the  yield  and  flow  stresses  were 
observed  to  decrease  with  increasing  temperature.  The  work  hardening  behavior  of  this  alloy  was 
poative  at  lower  temperatures  while  at  tlw  devated  temperatures  it  was  characterized  by  a  neutral 
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behavior  (  zero  slope).  This  was  sera  at  all  strain  nttes  examined.  Similar  results  can  be  rqwrted 
for  the  97%  heavy  alloy  except  that  the  work  hardemng  was  obsoved  for  all  conditions  except 
the  slowest  strain  rate  at  1000  and  1200**  C  where  flow  softraing  was  sera.  In  the  commercially 
pure  material  (lOOW),  no  flow  softraing  occurred  and  work  hardening  was  only  noticeable  at  the 
lughest  strain  rate  (2.S  x  10^  sec'*).  Figure  3  (a  and  b)  shows  the  results  of  the  97%  and  100% 
tungsten  comfnession  testing  performed  at  the  lowest  strain  rate.  In  examining  the  details  of  the 
curves  in  Figures  2a,  3a  and  posribly  in  2b  there  is  a  noticeable  waviness  in  the  flow  curve.  This 
occurs  at  low  strains  in  2a  and  3a  i;^e  at  higher  strains  in  2b.  In  previous  work  this  has 
suggested  dynamic  recrystallization  in  other  materials  [13].  In  woridiig  at  low  strain  rates  and 
hi^  temperatures  it  is  typical  to  expect  periodic  reaystallizafion.  What  is  not  certain  is  which 
phase  is  undergoing  the  recrystallization  and  whether  the  recrystallization  is  occurring  at  other 
strain  rates  rince  it  is  likdy  masked  by  the  woric  hardraing.  MetaUogn^ihic  evidence  will  be 
^scussed  latra  in  this  section. 

The  flow  data  was  examined  in  two  forms.  First  the  flow  stress  at  10%  strain,  for  all  of  the  ^rain 
rates,  was  plotted  versus  the  test  temperature.  This  information  is  grouped  by  material  and  is 
shown  in  Figure  4  (a,b  and  c).  The  slopes,  do/dT,  of  these  curves  are  very  similar  for  the  91 W 
and  97W  and  are  steeper  than  the  curves  for  the  lOOW.  Calculated  values  of  these  slopes,  over 
the  temperature  range  600*1200*’C,  are  -0.6S,  -0.63  and  -0.27  MPa/**C  reiq)ectivdy.  The 
influence  of  the  nickel  based  matrix  is  sera  quite  dramatically  in  comparing  the  slopes  of  the  pure 
tungsten  to  those  of  the  heavy  alloys.  The  heavy  alloy  curves  are  steeper  by  more  than  a  factor  of 
two.  The  slope  diffisrrace  is  a  result  of  the  significant  softening  of  the  matrix  phase.  Recall  that 
the  melting  point,  T,^  of  the  matrix  phase  is  approximately  1450'*C  and  that  most  of  this  study 
was  done  at  temperatures  exceeding  O.ST^.  where  the  strragth  and  hardness  of  that  phase  can  be 
expected  to  be  quite  low.  WHh  the  two  heavy  alloys,  an  observation  that  can  be  made  is  that  the 
riopes  appear  to  increase  slightly  as  the  strain  rate  decreases,  suggesting  that  reoystallization  is 
contributing  to  the  softening  and  is  more  dominant  at  those  low  strain  rates. 

The  second  approach  to  evaluating  the  data  employed  Anhenhis  plots  of  the  flow  stress  at  10% 
strain.  These  plots  are  shown  in  Figure  S  (a,b  c).  There  are  three  strain  rates  represented  on 
each  plot.  This  is  most  easily  sera  for  the  100%  tung^ra.  The  activation  energy  for  the  flow 
bdiavior  of  these  materials  was  determined  fiom  the  riope  of  these  curves  and  revealed  some 
unique  features  of  the  deformation.  The  activation  energy  (Q)  for  the  deformation  process  was 
most  easily  calculated  for  the  pure  tungsten.  Avera^g  Uie  three  curves  gave  the  result; 

9.4  KJ/mole.  The  situation  for  the  heavy  alloys  was  nsore  difficult  as  a  complex  deformation 
behavior  was  revealed.  The  three  strain  rates  can  be  sera  to  have  very  different  slopes  at  high  and 
low  temperatures.  The  consequence  is  six  curves  for  each  of  the  two  heavy  alloys,  three  at  the 
devated  temperatures  and  three  for  the  lower  ones.  It  appears  that  an  inflection  point  occurs  at 
approximate  800**  C  (this  point  may  occur  at  hi^ier  or  lowra  temperatures  but  the  temperature 
interval  used  here  does  not  ^ow  for  a  more  accurate  definition  of  this  transition).  Anyway,  the 
data  for  the  91 W  and  97W  were  combined  and  the  avraage  activation  energies  were  calculated  for 
each  of  the  two  temperature  regimes.  At  high  temperatures  (>  800'*C)  Q  =  6.7  KJ/mole,  while  at 
low  temperatures  (<  800'’C)  Q  =  30.0  KJ/mole.  In  the  heavy  alloys,  the  activation  energy  at  high 
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temperature  is  neaiiy  identical  to  the  activation  eno^gy  of  the  lOOW  over  the  entire  tempo^iture 
range.  It  is  believed  that  the  significance  of  the  dual  activation  eno’gies  relates  to  the  alloy  phase 
undergoing  defi>nnation  in  each  temperature  regime.  At  low  temperatures,  the  matrix  phase  is 
first  bang  work  hantened  to  the  stroigth  of  the  tungsten  phase.  This  work  hardening  is  occurring 
because  the  matrix  is  initially  weaka  than  the  tungsten  phase.  When  the  two  phases  become 
equal  in  strength,  the  load  is  then  carried  by  each  phase  in  proportion  to  their  volumes.  At  high 
temperature  the  matrix  phase  has  no  role  in  the  drformation  or  load  carrying  and  the  load  nmst  be 
borne  by  the  tungsten  phase  alone. 

There  are  several  microstructural  features  of  interest  in  the  specimens  tested  that  allow  for  some 
of  the  conclusions  above.  For  comparison,  the  reader's  attention  is  directed  to  Figure  I  (a,b  and 
c),  the  microstiuctures  of  the  praest  material.  Figure  6  (a,b,c  and  d)  contains  the  post  test 
microstructure  of  four  97W  specimens  corresponding  to  the  four  temperatures  of  interest.  These 
specimens  were  subjected  to  the  slowest  strain  rate  used.  The  most  sidient  feature  in  these 
micrographs  is  the  dear  progresdon  of  tungsten  to  tungsten  grain  contact  &ilure  and  decohesion 
of  the  tungsten/matrix  interfi^  as  the  test  temperature  increases.  It  is  the  most  pronounced  at 
1200*’  C.  A  less  obvious  feature  is  seen  within  the  tungsten  grains  themselves.  The 
microstructure  of  the  heavy  alloy  at  the  lower  temperatures  shows  uniform  deformation  of  the 
tungsten  and  nutrix  phases  after  the  20%  total  applied  strain.  At  the  higher  temperatures,  the 
deformation  is  entirely  concentrated  within  the  tungsten  grains  and  is  manifested  by  the  presence 
of  slip  bands  within  the  grains.  It  is  interesting  to  note  that  the  slip  deformation  in  the  tungsten 
grains  in  the  heavy  alloys  does  not  appear  in  all  of  the  grains.  The  likely  cause  is  the  single  crystal 
nature  of  these  grains  that  they  are  in  random  orioitations  to  the  deformation.  Some  of  the 
crystallographic  directions  and  planes  of  these  grains  are  oriented  to  the  plane  of  observation  in 
such  a  way  that  the  deformation  is  apparent  in  the  micrograph.  Similar  results  were  observed  for 
the  91W  material  and  one  example  is  shown  in  Figure  7.  The  lOOW  material,  because  it  was 
single  phase  and  had  a  highly  elongated  microstructure,  did  not  suffer  fi'om  decohesion  as  seen  in 
the  heavy  alloys  but  exhibited  slip  at  all  temperatures.  This  is  shown  in  Figure  8.  In  a  numner 
similar  to  the  heavy  alloys  slip  is  not  seen  in  all  of  the  grains,  only  in  the  grains  &vorably  oriented 
to  the  plane  of  view. 

SUMMARY 

Thermomechanical  testing  of  two  tungsten  heavy  alloys  and  a  commercially  pure  tungsten  in  the 
temperature  range  600  to  1200"  C  at  strain  rates  up  to  2.5  sec'*  gave  the  following  results. 

All  matoials  thermally  softened  in  clas»c  response  to  increa^g  test  temperature.  The  rate  of 
softoiing  with  increaang  temperature  (do/dT)  was  calculated  and  found  to  be  more  than  twice  as 
great  for  the  heavy  alloys  in  comparison  to  the  pure  tungsten.  This  response  was  attributed  to  the 
increased  rate  of  strength  loss  in  the  matrix  phase. 

Through  Arriienhis  plots;  the  heavy  alloys  were  found  to  change  their  deformation  behavior  as 
the  temperature  increased  over  800"  C.  The  matrix  phase  again  was  identified  as  the  reason  for 
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the  variation.  It  was  concluded  that  the  tungstoi  phase  is  responsible  for  carrying  the  load  at 
devated  temperatures. 


Examinatirm  of  the  nietallognq>hic  data  revealed  that  as  the  tonperature  increased  a  greato- 
number  the  tungsten  grain  contacts  fiuled.  It  was  also  seen  that  the  tungsten/matrix  inter&ce 
increasing  fiuled.  Of  particular  note  was  that  at  the  hi^iest  temperatures,  the  tungsten  phase 
showed  deformation  slip  bands  that  had  WM  been  seen  in  the  lower  temperature  r^ime.  This 
suggested  that  at  bdow  800**  C  the  deformation  was  unifivm  but  at  high  temperature  it  is 
concentrated  in  the  tui^en  grains. 
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Figure  3,  Compr^ve  true  stress-true  strain  results  for  (A)  97%  heavy  alloy  and  (B) 
commerciaUy  pure  tungsten.  Both  tests  at  a  strain  rate  of  2.S  x  10*^  sec'*.  Compare  to  Figure  2A. 
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Figure  5.  Arrhenius  plots  of  the  10%  strain  flow  stress  versus  the  redprocal  temperature  for  each 
of  the  strain  rates  used;  (A)  91%  heavy  aUoy,  (B)  97%  heavy  alloy  and  (C)  100%  tungsten. 
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Figure  7.  Post  test  inicrostnictural  features  of  the  91%  tungsten  heavy  alloy  tested  at  a  strain  rate 
of  2.5  X  10"*  sec*‘  and  a  temperature  of  1000“  C. 


Figure  8,  Post  test  microstiucture  of  a  100%  tungsten  specimen  tested  at  2.5  x  10"  sec  at  a 
temperature  of  1200“  C. 
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